Abstract. this study evaluated the effects of single, double, and triple reinforcing layers on the bearing capacity ratio (BCR) of strip footing on a sand slope system. Seventy-two laboratory-loading tests were conducted on a stripfooting model on a reinforced sand slope. Moreover, this study illustrated the effects of the different parameters of two reinforcing layers on the bearing capacity of a double-reinforced sand slope. the BCR increased from 1.06 to 3.00 for single-reinforced slope soils, 1.09 to 7.73 for double-reinforced slope soils, and up to 8.00 for three-layered reinforced systems. For double-reinforced soil slopes, the most effective spacing between the two reinforcing layers is 0.3 B.
Introduction
the reinforced steep slope has been successfully applied to various applications such as road broadening and failed slope repair. An understanding of the behavior of reinforced slopes loaded with surface footings is of practical importance to geotechnical engineers. Although several works on reinforced flat grounds exist (Fragaszy, lawton 1984; Milligan et al. 1986; Mittal et al. 2009 ), investigations of footings on reinforced slopes are rather limited (Selvadurai, Gnanendran 1989; Manjunath, dewaikar 1994; huang et al. 1994; lee, Manjunath 2000; Jahanandish, Keshavarz 2005; El Sawwaf 2005) .
Slope reinforcement is a cost-effective method for improving the ultimate bearing capacity of a footing on a slope and for decreasing the settlement values to accepted limits (dash et al. 2003; Boushehrian, hataf 2003; Patra et al. 2005 Patra et al. , 2006 . Both the ultimate bearing capacity and the settlement characteristics of the foundation can be improved by the inclusion of reinforcements in the soil, that is, using multiple layers of geogrids at different depths and widths under the footing. these reinforcements resist the accumulated horizontal shear stress in the soil mass under the footing and transfer them to the adjacent stable layers of the soil, thereby improving the vertical behavior of the footing.
however, few studies have focused on the behavior of shallow footing on reinforced sand. El Sawwaf (2007) and El Sawwaf and Nazir (2010) studied the ultimate bearing capacity and settlement of a rectangular model footing as well as a strip foundation on geogrid-reinforced sand subjected to the sum of a static load. Moghaddas tafreshi and dawson (2010) investigated the behavior of strip footings on 3d and planar geotextile-reinforced sand beds subjected to repeated loads. Yoo (2001) investigated the bearing capacity of strip footing on a geogrid-reinforced soil slope using laboratory model tests. the author showed that for single-layer reinforced sand, the optimum embedment depth for the first reinforcement layer, wherein the bearing capacity is highest, is between 0.3 and 0.7 of the footing width. For multilayer reinforced sand, the optimum depth ratio for the upper layer is 0.3 B and the optimum vertical spacing between layers is between 0.5 and 0.8 B. The best number of reinforced layers with the highest bearing capacity ratio (BCR) is three layers. Moreover, reinforcing layers are only effective within 1.5 B from the edge of the slope.
El Sawwaf and Nazir (2011) studied the behavior of strip-footing models on geosynthetic-reinforced sand slope subjected to both monotonic and cyclic loads. the effects of the partial replacement of a compacted sand layer and the inclusion of geosynthetic reinforcement were also investigated. the inclusion of soil reinforcement in the replaced sand not only increases the stability of the sandy slope significantly but also decreases both the monotonic and the cumulative cyclic settlements considerably, leading to an economic design of the footings. However, the efficiency of sand-geogrid systems depends on the properties of the cyclic load and the location of the footing relative to the slope crest. Alamshahi and hataf (2009) conducted a series of numerical and model tests to evaluate the bearing capacity of strip footings on sand slopes reinforced with a geogrid and grid anchor. Their study emphasized the effects of geogrid and grid-anchor reinforcements and their locations on the bearing capacity and settlement characteristics of strip footings. Choudhary et al. (2010) conducted a series of model footing tests on the bearing capacity behavior of a strip footing on top of a geogrid-reinforced fly ash slope. This study covered a wide range of boundary conditions, including unreinforced cases with varying parameters such as location and depth of single geogrid-layer embedments, number of geogrid layers, footing location relative to the slope crest, slope angles, and footing width. Both the pressure-settlement behavior and the ultimate bearing capacity of a footing on top of a fly ash slope can be enhanced using reinforcing layers. The efficiency of a fly ash geogrid system increases with increasing geogrid layers and distance of the footing edge from the slope.
this study investigates the behavior of strip footings on a granular slope with double and triple layers of geotextile reinforcement. Variable parameters include double-layer embedment ratio, relative sand density, and footing location relative to the slope crest.
Laboratory model test

Soil bins and strip-footing model
the soil bin of the sand and the footing model had inside dimensions of 2.0 m by 0.6 m in plan and 0.62 m in height. the walls of the box were steel plates lined with Mylar plastic sheeting and printed with a square grid pattern, which provided a reference frame for monitoring displacements within the backfill. To prevent scratches and minimize side friction, a second plain Mylar sheet was used as protection. The box was sufficiently rigid to maintain plane strain conditions in the reinforced slope models. the soil bin was mounted on a bigger soil bin filled with sand and supporting a loading frame.
The strip-footing model (580 mm long, 50 mm wide and 15 mm thick) was made of steel plate with a notch hole at the top center to accommodate a bearing ball. the footing was positioned on the sand bed with the length of the footing running parallel to the full width of the tank to create a plane strain condition within the test set-up. the two ends of the footing plate were polished to minimize the end friction effects. The load was transferred to the footing through the bearing ball. this arrangement produced a hinge, allowing the footing to rotate freely as it approached failure and eliminating any potential moment transfer from the loading fixture. The corresponding settlement was recorded using two vertical dial gauges with an accuracy of 0.01 mm. the two vertical dial gauges were placed on two sides of the strip footing with respect to the loading point to measure the average settlement and detect any differential settlements.
Test materials
Reinforcements
Nonwoven geotextile reinforcing material was used in this research. the typical physical and technical properties of the geotextiles were obtained from the data sheet of the manufacturer (Makarm tex, Cairo, Egypt, table 1).
Sand
the sand used in this study was medium coarse with a grain size of 0.06 mm to 2.00 mm. The grain size distribution of the sand is shown in Figure 1 . the optimum moisture content (~10%) was determined by a standard Proctor compaction test. different relative densities of 
Results and discussion
Load-settlement (P-S) curves were obtained for the test models. Normalized values were used, that is, normalized stress (P/γB) vs. settlement ratio (S/B), where P is the load (KN), S (mm) is the settlement, γ is the unit weight of the soil, and B is the footing width. No definite failure point was observed in the P-S curves; thus, the ultimate bearing capacity was determined from the normalized P-S curves as the pronounced peaks. thereafter, the footing collapsed and the load decreased (Fig. 3) . A significant increase occurred in the failure load of the model slope with reinforcement compared to that without reinforcement (Fig. 3) .
Effect of relative density on BCR
the BCR was used and described as q r /q o , where q r and q o are the ultimate bearing capacities of the footing on reinforced and unreinforced slopes, respectively. the BCR is the ratio of the ultimate loads attained from the loading test on reinforced sand to those of unreinforced sand with the same relative density.
The P/γB versus the S/B of the footing on reinforced sand with the same reinforcement length (l/B) and embedment (d/B) ratios with different relative densities (d r ) are shown in Figure 4 . the peak load of each test was determined, and the BCR was calculated and plotted against the d r . the effect of a reinforcing sheet is more visible in soil with lower relative density (Fig. 5 ). This effect can be attributed to the modulus of deformation of the soil. A higher relative density of soil corresponds to a higher modulus of deformation. For soils with high relative density, the modulus of deformation approaches that of the reinforcing material; thus, the reinforcing may not be highly effective. on the contrary, the modulus of deformation for soils with low relative density is significantly affected by the reinforcing material.
In the case of footing on a reinforced sand slope, large deformations of the footing are required to achieve the beneficial effects of the reinforcement. Moreover, the most effective vertical spacing of the reinforcement layers (i.e. the highest BCR) occurs at h/B = 0.3, in which the BCR reaches its peak value irrespective of the D r (Figs 6a-6c ). The failure of the soil footing system is dominated by the stability of the slope. however, when X/B becomes lower than 1.0, the failure is dominated by the shear planes developed in the soil beneath the footing. At X/B = 0, the most effective vertical spacing between the reinforcing layers is 0.3 B, whereas at X/B > 0, the most effective vertical spacing between the reinforcing layers is greater than 0.3 and approaching 1.0. this observation confirms the results of Adams and Collin (1997) .
Effect of the number of geotextile layers
A series of tests was conducted to study the effect of variations in the number of geotextile layers on the slope behavior of strip footing. In these tests, the depth, location, and spacing of the first layer were kept constant 
Test program
the test program primarily consisted of load tests on a strip-footing model (580 mm long, 50 mm wide, and 15 mm thick) placed on top of a reinforced or unreinforced sand slope. Footing width (B) is always constant (50 mm). The depth of the first reinforcement layer below the footing base is represented by d; the width of the reinforcement layer is L; the vertical spacing between the reinforcement layers is h; the edge distance of the footing is X; the depth of the lower layer is H r . The definition of the variables are shown in Figure 2 , and the detailed test program is given in table 3. In each series of tests, three different tests on the reinforcement were conducted with different h/B. thus, the total number of tests conducted was 72.
but the number of geotextile layers was varied. A typical response of the P/γB-S/B plot indicates the effect of the number of geotextile layers on slope behavior (Fig. 7a) . Figure 7a shows the variations of the P/γB from the model test against the S/B for the strip footing on a sand slope, as well as the footing behavior when placed on sand without reinforcement. For the same settlement, the inclusion of geotextile layers increased the load bearing capacity of the strip footing and considerably decreased the S/B with an increase in the number of geotextile layers (Fig. 7a) . the typical responses of the BCR from the tests against the number of layers for a footing at the slope crest are shown in Figure 7b . For the same settlement, the inclusion of geotextile layers increased the load bearing capacity of the strip footing (Fig. 7b) . For the same footing load, the settlement ratio decreased considerably with an increase in the distance of the footing from the slope edge and in the number of geotextile layers. this behavior continued until n = 2. For n = 3, no increase or reduction was observed in the BCR. Similar behavior was observed by El Sawwaf (2007), lee and Manjunath (2000) , and Alamshahi and hataf (2009) . No tests were conducted using more than three geotextile layers because of the limited depth of the sand fill. However, for certain sand slopes and reinforcement conditions, a critical number of reinforcement layers were provided. thereafter, the improvement in bearing capacity not only became marginal but also had an opposite effect. this observation is consistent with previous studies of strips or square plates over entirely dry sand (i. these studies demonstrated that after the inclusion of a critical number of geogrid layers, the BCR becomes constant.
Effect of the edge distance of the footing on BCR
tests were conducted for the footing on reinforced and unreinforced 2h: 1V slope with three different edge distances corresponding to X/B = 0, 1, 2. the ratio of the reinforcement embedment depth to the footing width was kept constant at d/B = 0.5, as determined from the earlier series of tests. For both reinforced and unreinforced slopes, the ultimate bearing capacity increases with increasing edge distance (Fig. 8a) . At an edge distance of 2B, the ultimate bearing capacity of a footing on a sloping ground approaches that of a footing on a level surface in both reinforced and unreinforced cases. Furthermore, the ultimate bearing capacity of a footing on a reinforced slope is considerably higher than that of a footing on an unreinforced slope at any given edge distance (Fig. 8a) . These results reflect the beneficial effect of reinforcement in the improvement of the bearing capacity of footings on slopes. the bearing capacity of strip footing on an unreinforced sandy slope increases with increasing X/B before stabilizing at approximately X/B = 2. the same trend was observed as the relative density of sand increased (Fig. 8b) . Yoo (2001) indicated that the stress field underneath the footing is not symmetrical to the center of the footing. The stress field was found to be symmetrical under axial concentric applied loads, and the ground surface extends to greater distances (i.e. higher than 5 B) on both sides of the footing.
Effect of the embedment ratio of double layers on BCR
tests were conducted on the model footing at the slope crest of the sand slope. The P/γB-S/B relationships of the strip footing on the double-reinforced slope were gathered and plotted (Fig. 3) . the BCR varied from 1.09 to 7.73. The maximum load occurred at d/B = 0.5 and H r /B = 0.8 with the vertical spacing ratio equal to 0.3. to study the effect of the depth of the lower layer on footing-soil response, the embedment ratio of the upper layer d/B was kept at 0.5 and the depth of the lower layer h r /B changed to 0.8, 1.0, and 1.5. The most effective depth of the lower reinforcing layer is h r /B = 0.8. When h r /B = 1.0 and 1.5, the attained loads were very close to each other.
the effects of the location of the lower reinforcing layer were also examined. The most beneficial situation occurs when h/B varies from 0.3 to 0.5. In the plot of the BCR versus h r /B for the studied cases (Fig. 9) , the maximum BCR was attained at h/B = 0.3 if X/B = 0 or 1 and at h/B = 0.5 if X/B = 2. These results are consistent with those of lee and Manjunath (2000) , Yoo (2001 ), and El Sawwaf (2005 , 2007 . Abdrabbo et al. (2008) . the BCR d cannot be summed directly from the BCR s , but can be expressed in terms of the latter:
where Z is a parameter based on the depth ratios of the upper and lower reinforcing layers (Figs 10a and 10b) . layers. This response of the slope soil-footing system is attributed to the confinement of the sand underneath the footing. This confinement depends on the depth of the upper reinforcing layer, the spacing between the two layers, the relative density of the soil, and the reinforcement material.
Conclusions
the use of geotextiles is effective in the improvement of the bearing capacity of sand: 1) the BCR varies from 1.06 to 3.0 for singlereinforced soil. 2) the BCR increases to a value between 1.09 and 7.73 for double-reinforced slope and to 8.00 for triple reinforced slope. 3) the most effective vertical spacing between reinforcing layers is 0.3 B for double and triple reinforced slopes. 4) the effect of reinforcement on the bearing capacity of sand is more pronounced in soils with lower relative density than those with higher relative density. the optimum number of reinforcements is two. 5) the increase in the degree of bearing capacity depends not only on the geotextile layout but also on the footing location with respect to the slope face. 6) the BCR d can be expressed in terms of the BCR s as presented in the following:
Z decreases with the increasing depth ratios of the upper and lower reinforcing layers. 
